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ABSTRACT
The core-cusp problem is one of the controversial issues in the standard paradigm of Λ cold dark
matter (ΛCDM) theory. However, under the assumption of conventional spherical symmetry, the strong
degeneracy among model parameters makes it unclear whether dwarf spheroidal (dSph) galaxies indeed
have cored dark matter density profiles at the centers. In this work, we revisit this problem using non-
spherical mass models, which have the advantage of being able to alleviate the degeneracy. Applying
our mass models to the currently available kinematic data of the eight classical dSphs, we find that
within finite uncertainties, most of these dSphs favor cusped central profiles rather than cored ones. In
particular, Draco has a cusped dark matter halo with high probability even considering a prior bias.
We also find the diversity of the inner slopes in their dark matter halos. To clarify the origin of this
diversity, we investigate the relation between the inner dark matter density slope and stellar-to-halo
mass ratio for the sample dSphs and find this relation is generally in agreement with the predictions
from recent ΛCDM and hydrodynamical simulations. We also find that the simulated subhalos have
anti-correlation between the dark matter density at 150 pc and pericenter distance, which is consistent
with the observed one. We estimate their astrophysical factors for dark matter indirect searches and
circular velocity profiles, associated with huge uncertainties. To more precisely estimate their dark
matter profiles, wide-field spectroscopic surveys for the dSphs are essential.
Keywords: dark matter — galaxies: dwarf — galaxies: kinematics and dynamics — galaxies: structure
— Local Group
1. INTRODUCTION
It is well documented that the concordant Λ cold dark
matter (ΛCDM) theory gives a remarkable description of
the cosmological and astrophysical observations on large
spatial scales such as the cosmic microwave background
radiation (e.g., Komatsu et al. 2011; Planck Collabo-
ration et al. 2018), and large-scale structure of galax-
ies (e.g., Springel et al. 2006; Tegmark et al. 2006; Oka
et al. 2014). At galactic and sub-galactic scales how-
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ever, this theory has several discrepancies between the
simulation predictions and observational facts (Bullock
& Boylan-Kolchin 2017, for a review).
One of them is the so-called “core-cusp” problem.
Dark-matter-only simulations based on the ΛCDM
model have predicted a universal dark matter density
profile with a strong cusp at the center (e.g., Moore
1994; Navarro et al. 1996b, 1997; Fukushige & Makino
1997; Ishiyama et al. 2013). By contrast, the observa-
tions of dwarf spheroidal (dSph) and low surface bright-
ness galaxies seem to favor a cored central dark matter
density (e.g., Burkert 1995; Borriello & Salucci 2001;
Gilmore et al. 2007; Oh et al. 2008; de Blok 2010).
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To solve or ameliorate the issue, many possible solu-
tions have been proposed. One of the solutions is to
transform a cusped to cored central density through the
baryonic effects such as stellar winds or supernova feed-
back (e.g., Navarro et al. 1996a; Gnedin & Zhao 2002;
Madau et al. 2014; Read et al. 2016). Moreover, recent
advanced simulations have predicted that the effect of
core creation depends upon stellar mass and star for-
mation history (Governato et al. 2012; Di Cintio et al.
2014a,b; On˜orbe et al. 2015; Tollet et al. 2016; Fitts
et al. 2017; Hopkins et al. 2018). Note that core forma-
tion ability of baryonic feedback is sensitive to the gas
density threshold for a star formation, nsf , assumed in
simulations. A low threshold (nsf = 0.1 cm−3) is inca-
pable of creating a core, while a high threshold (nsf = 10-
1000 cm−3) is able to lead a core (e.g., Governato et al.
2010; Bose et al. 2019). Although a high threshold is
about four orders of magnitude greater than a low one, a
whole range of the threshold is acceptable because cur-
rent understanding of subgrid physics is not complete
yet.
Another solution is, more radically, to replace CDM
with other dark matter models that are well motivated
from particle physics, such as self-interacting dark mat-
ter (e.g., Carlson et al. 1992; Spergel & Steinhardt
2000; Kaplinghat et al. 2016; Tulin & Yu 2018, see also
Hochberg et al. 2014, 2015), and ultra-light dark mat-
ter (e.g., Hu et al. 2000; Marsh & Silk 2014; Schive et al.
2014; Marsh 2016; Schwabe et al. 2016; Mocz et al. 2017;
Hui et al. 2017). These dark matter models can create a
cored, low-dense central dark matter density profile on
less massive-galaxy scales without relying on any bary-
onic physics.
Meanwhile, current dynamical studies for dSphs are
challenged in the measurement of their central density
profiles, because of the existence of ρDM − βani degen-
eracy, where ρDM is a dark matter density and βani is
a velocity anisotropy of stars as an unknown param-
eter (e.g., Binney & Mamon 1982; Merrifield & Kent
1990; Evans et al. 2009). This degeneracy originates
from the assumption that both stars and dark mat-
ter are spherically distributed and from the fact that
only line-of-sight velocity components of stars are avail-
able from observations (e.g., Strigari et al. 2007). To
disentangle this degeneracy, many dynamical modelings
have been proposed, as exemplified by using higher or-
der velocity moments (e.g.,  Lokas 2002, 2009; Merrifield
& Kent 1990), virial theorem (e.g., Richardson & Fair-
bairn 2014), modeling multiple stellar populations (e.g.,
Battaglia et al. 2008; Walker & Pen˜arrubia 2011), orbit-
based dynamical models (e.g., Jardel et al. 2013; Bred-
dels et al. 2013), measuring the internal proper motion
data (Massari et al. 2018, 2019; Strigari et al. 2018), and
non-parametric analysis (e.g., Read & Steger 2017; Read
et al. 2019). However, the inferred dark matter density
profiles are not completely unified, and some of these
models cannot distinguish a cusp from a core from the
currently available kinematic data, due to considerable
uncertainties in the derived dark matter density profiles
and a prior bias of a dark matter inner slope parame-
ter. Thus, whether the central dark matter densities in
dSphs are cored or cusped is yet unclear.
We emphasize that many of these studies assume
spherical symmetry for both the stellar and dark com-
ponents, even though we know both from observa-
tional facts and theoretical predictions that these com-
ponents are actually non-spherical (e.g., McConnachie
2012; Mun˜oz et al. 2018; Allgood et al. 2006; Vera-Ciro
et al. 2014). In this paper, we relax the spherically sym-
metric assumption and perform the axisymmetric Jeans
analysis for the dSphs. Such non-spherical mass models
have several advantages that (i) giving the specific form
of the distribution function is not required; (ii) this anal-
ysis can treat two-dimensional distributions of line-of-
sight velocity dispersions (e.g., Hayashi & Chiba 2012),
whereas it is impossible for spherical mass models; and
(iii) ρDM − βani degeneracy can be mitigated (Cappellari
2008; Battaglia et al. 2013; Hayashi & Chiba 2015). Sev-
eral studies have developed axisymmetric mass models
based on the Schwarzschild method (Jardel & Gebhardt
2012) and Jeans anisotropic multiple Gaussian expan-
sion model (Zhu et al. 2016), but many of these assumed
that a dark matter halo is still spherical while a stellar
system is non-spherical.
Our group constructed, as presented in Hayashi &
Chiba (2015), totally axisymmetric dynamical mass
models based on axisymmetric Jeans equations and ap-
plied the models to the dSphs with Milky Way and An-
dromeda galaxies (see also Hayashi & Chiba 2012).
Hayashi et al. (2016) applied the axisymmetric mass
models to the recent kinematic data for the ultra-faint
dSphs as well as classical ones to evaluate the astrophys-
ical factors for dark matter annihilation and decay with
considering the uncertainties of non-sphericity.
Our previous models were yet incomplete in the point
that an outer dark matter profile is fixed as ρDM ∝ r−3 for
the sake of simplicity. Here, to step further from these
previous studies, we adopt a generalized Herquist pro-
file to explore a much wider range of physically plausible
dark matter profiles and apply these non-spherical mod-
els to the latest observational data of the Galactic clas-
sical dSphs (Draco, Ursa Minor, Carina, Sextans, Leo I,
Leo II, Sculptor, and Fornax) having a large number of
member stars with well-measured radial velocities.
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The paper is organized as follows. In Section 2, we
explain axisymmetric models based on an axisymmetric
Jeans analysis and our fitting procedure. In Section 3,
we describe the photometric and spectroscopic data for
the classical dSphs. In Section 4, we present the results
of the fitting analysis. We also show the estimated dark
matter density profiles and the values of astrophysical
factors. In Section 5, we discuss the results of our es-
timations. Finally, conclusions are presented in Section
6.
2. MODELS AND JEANS ANALYSIS
In this section, we briefly introduce our dynamical
mass models in this work. To show how precisely we
are able to recover actual dark matter density profiles
from our fitting analysis, we apply our mass models to
mock data sets. The details about mock data and the
results of mock analysis are shown in Appendix A.
2.1. Axisymmetric Jeans equations
Assuming that a galaxy is in a dynamical equilibrium
and collisionless under a smooth gravitational potential,
the dynamics of stars in such a system is described by
its phase-space distribution function governed by the
steady-state collisionless Boltzmann equation (Binney &
Tremaine 2008). However, it is virtually impossible to
solve this equation from the currently available data of
stars in the dSphs whose positions along the line of sight
are difficult to resolve and accurate proper motions are
yet to be measured. In order to alleviate this issue, one
of the classical and useful approaches is to take moments
of the equation. The equations taking moments of the
steady-state collisionless Boltzmann equation are the so-
called Jeans equations.
For an axisymmetric and steady state system, the
Jeans equations are expressed as
u2z =
1
ν(R, z)
∫ ∞
z
ν
∂Φ
∂z
dz, (1)
u2φ =
1
1 − βz
[
u2z +
R
ν
∂(νu2z)
∂R
]
+ R
∂Φ
∂R
, (2)
where ν is the three-dimensional stellar density and Φ is
the gravitational potential, which is significantly domi-
nated by dark matter for the Galactic dSphs. The lat-
ter means that stellar motions in a system are governed
only by a dark matter potential. We assume that the
cross terms of velocity moments such as uRuz vanish and
the velocity ellipsoid constituted by (u2R, u2φ, u2z) is aligned
with the cylindrical coordinate. We also assume that the
density of tracer stars has the same orientation and sym-
metry as that of a dark halo. βz = 1−u2z/u2R is a velocity
anisotropy parameter introduced by Cappellari (2008).
In this work, βz is assumed to be constant for the sake of
simplicity1. In principle, these second velocity moments
are defined as u2 = σ2 + u2, where σ and u are disper-
sion and streaming motions of stars, respectively. The
latter streaming motions are small in the dSphs (e.g.,
Walker et al. 2008), and thus these galaxies are largely
dispersion-supported stellar systems (e.g., Wheeler et al.
2017).
To compare with the observed second velocity mo-
ments, the intrinsic second velocity moments derived
by the Jeans equations are integrated along the line-of-
sight second velocity moment followed by the previous
works (Romanowsky & Kochanek 1997; Tempel & Ten-
jes 2006; Hayashi & Chiba 2012). This moment can be
written as
u2l.o.s(x, y) =
1
I(x, y)
∫ ∞
−∞
ν(R, z)u2
`
(R, z)d`, (3)
where I(x, y) indicates the surface stellar density profile
calculated from ν(R, z), and (x, y) are the sky coordi-
nates aligned with the major and minor axes, respec-
tively. u2
`
(R, z) is driven by
u2
`
= u2∗ cos2 θ + u2z sin2 θ, (4)
where θ is the angle between the line of sight and the
galactic plane (θ = 90◦ − i, which i is an inclination an-
gle explained below). u2∗ is a velocity second moment
derived from the projection u2R and u
2
φ to the plane par-
allel with the galactic plane along the intrinsic major
axis. This moment is described as
u2∗ = u2φ
x2
R2
+ u2R
(
1 − x
2
R2
)
. (5)
2.2. Stellar density profile
For the stellar density profile, we adopt a Plummer
profile (Plummer 1911) generalized to an axisymmetric
shape:
ν(R, z) = 3L
4pib3∗
1
(1 + m2∗/b2∗)5/2
(6)
where m2∗ = R2+z2/q2, so that ν is constant on spheroidal
shells with an intrinsic axial ratio q, and L and b∗ are
the total luminosity and the half-light radius along the
major axis, respectively. This profile can be analyti-
cally derived from the surface density profile using Abel
1 Nevertheless, this assumption is roughly in good agreement with
dark matter simulations reported by Vera-Ciro et al. (2014) who
have shown that simulated subhalos have an almost constant βz
or a weak trend as a function of radius along each axial direction.
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Table 1. The observational data for the classical dSph galaxies.
Object Nsample RA(J2000) DEC(J2000) M∗ D b∗ q′ 〈u〉obs Ref.
[hh:mm:ss] [dd:mm:ss] [106M] [kpc] [pc] (axial ratio) [km s−1]
Draco 468 17:20:12.4 +57:54:55 0.29 76 ± 6 214 ± 2 0.71 ± 0.01 −290.0 (1),(2),(9)
Ursa Minor 313 15:08:08.5 +67:13:21 0.29 76 ± 3 407 ± 2 0.45 ± 0.01 −246.9 (1),(3),(10)
Carina 1086 06:41:36.7 −50:57:58 0.38 106 ± 6 308 ± 23 0.64 ± 0.01 220.7 (1),(4),(11)
Sextans 445 10:13:03.0 −01:36:53 0.44 86 ± 4 413 ± 3 0.70 ± 0.01 224.3 (1),(5),(12)
Leo I 328 10:08:28.1 +12:18:23 5.5 254 ± 15 270 ± 2 0.70 ± 0.01 282.9 (1),(6),(13)
Leo II 177 11:13:28.8 +22:09:06 0.74 233 ± 14 171 ± 2 0.93 ± 0.01 78.7 (1),(7),(14)
Sculptor 1360 01:00:09.4 −33:42:33 2.3 86 ± 6 280 ± 1 0.67 ± 0.01 111.4 (1),(8),(12)
Fornax 2523 02:39:59.3 −34:26:57 20 147 ± 12 838 ± 3 0.71 ± 0.01 55.2 (1),(4),(12)
References: (1) Mun˜oz et al. (2018); (2) Bonanos et al. (2004); (3) Carrera et al. (2002); (4) Pietrzyn´ski et al. (2009); (5) Lee
et al. (2009); (6) Bellazzini et al. (2004); (7) Bellazzini et al. (2005); (8) Pietrzyn´ski et al. (2008); (9) Walker et al. (2015);
(10) Spencer et al. (2018); (11) Fabrizio et al. (2016); (12) Walker et al. (2009a); (13) Mateo et al. (2008); (14) Koch et al.
(2007);
transformation: I(x, y) = (L/pib2∗)(1 + m′2∗ /b2∗)−2, where
m′2∗ = x2 + y2/q′2. q′ is a projected axial ratio and is
related to the intrinsic one q through the inclination an-
gle i (= 90◦ − θ): q′2 = cos2 i + q2 sin2 i. This equation
can be rewritten as q =
√
q′2 − cos2 i/sin i, and thus the
allowed range of the inclination angle is bounded with
0 ≤ cos2 i < q′2. In this work, we assume that the stellar
distribution has an oblate shape only. This is motivated
by the result from Hayashi & Chiba (2015) which con-
cluded that most of stellar distributions of the dSphs
are much better fitted by the oblate shape than by the
prolate ones.
2.3. Dark matter density profile
In this work, we adopt a generalized Hernquist profile
given by Hernquist (1990) and also Zhao (1996) with
considering non-spherical dark matter halos,
ρDM(R, z) = ρ0
( r
bhalo
)−γ [
1 +
( r
bhalo
)α]− β−γα
, (7)
r2 = R2 + z2/Q2, (8)
where ρ0 and bhalo are the scale density and radius, re-
spectively, α is the sharpness parameter of the transition
from the inner slope γ to the outer slope β, and Q is a
constant axial ratio of a dark matter halo. This model
covers a broad range of physically plausible dark matter
profiles from the cusped Navarro-Frenk-White (hereafter
NFW, Navarro et al. 1997) profile to the cored Burkert
profile (Burkert 1995).
2.4. Fitting procedure
In order to estimate the dark matter density profiles in
the dSphs, we explore the most likely parameter values
by fitting theoretical and observed second velocity mo-
ments of each dSph. In this work, we suppose that the
line-of-sight velocity distribution is Gaussian and cen-
tered on the systemic velocity of the galaxy 〈u〉. Given
that the total number of member stars for each dSph is
N, and the observed line-of-sight velocity of the ith mem-
ber star and its velocity error is expressed by ui ± δu,i at
the sky plane coordinates (xi, yi), the likelihood function
is described as
L =
N∏
i=1
1
(2pi)1/2[(δu,i)2 + (σi)2]1/2
exp
[
−1
2
(ui − 〈u〉)2
(δu,i)2 + (σi)2
]
,
(9)
where σi is the theoretical line-of-sight velocity disper-
sion at (xi, yi) which is calculated by model parameters
and the Jeans equations. The systemic velocity 〈u〉 of
the dSph is a nuisance parameter that we marginalize
over as a flat prior. For the model parameters, we intro-
duce flat or log-flat priors over the following ranges:
(i) 0.1 ≤ Q ≤ 2.0;
(ii) 0.0 ≤ log10[bhalo/pc] ≤ 5.0;
(iii) −5.0 ≤ log10[ρ0/(M pc−3)] ≤ 5.0;
(iv) −1.0 ≤ − log10[1 − βz] < 1.0;
(v) 0.5 ≤ α ≤ 3
(vi) 3.0 ≤ β ≤ 10
(vii) 0.0 ≤ γ ≤ 2.5
(viii) cos−1(q′) < i/deg ≤ 90.0.
In order to obtain the posterior probability distribu-
tion function (PDF) of each parameter by the above
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Table 2. Parameter constraints for MW dSph satellites. Errors correspond to the 1σ range of our analysis.
Object Q log10(bhalo) log10(ρ0) − log10(1 − βz ) α β γ i ρDM(150pc)
[pc] [M pc−3] [deg] 107[M kpc−3]
Draco 1.39+0.40−0.55 4.30
+0.46
−0.54 −2.77+0.64−0.64 0.41+0.21−0.19 2.04+0.64−0.79 6.19+2.31−2.03 1.03+0.14−0.15 63.0+16.6−9.40 23.5+12.8−6.30
Ursa Minor 1.42+0.39−0.54 3.19
+0.72
−0.37 −1.90+0.95−1.44 0.61+0.16−0.13 1.65+0.87−0.77 6.41+2.17−2.12 1.16+0.44−0.66 79.2+6.82−7.01 23.8+38.6−7.22
Carina 0.92+0.63−0.48 4.13
+0.58
−0.65 −2.48+0.77−0.73 0.36+0.24−0.26 1.83+0.77−0.81 6.31+2.23−2.07 0.77+0.23−0.27 70.7+12.4−12.8 10.9+8.22−3.21
Sextans 0.98+0.65−0.53 3.40
+0.85
−0.43 −1.85+0.64−1.24 0.18+0.19−0.18 1.77+0.79−0.79 6.31+2.25−2.09 0.73+0.44−0.45 70.9+12.6−12.2 5.2+3.6−2.3
Leo I 1.04+0.61−0.58 3.50
+0.78
−0.62 −2.35+1.49−1.45 0.11+0.19−0.17 1.68+0.85−0.80 6.17+2.31−2.05 1.35+0.32−0.61 68.7+13.8−12.2 26.4+22.3−9.10
Leo II 1.08+0.61−0.60 3.86
+0.73
−0.75 −2.31+1.09−1.17 0.12+0.18−0.23 1.77+0.81−0.81 6.27+2.26−2.08 0.99+0.38−0.48 56.2+21.5−17.5 20.2+12.7−6.10
Sculptor 0.82+0.67−0.39 3.11
+0.39
−0.21 −1.07+0.41−0.64 0.21+0.18−0.18 1.79+0.77−0.82 6.51+2.19−2.18 0.45+0.41−0.31 72.6+11.7−11.2 21.4+12.6−6.30
Fornax 1.04+0.63−0.58 3.27
+0.41
−0.21 −1.54+0.31−0.47 0.24+0.13−0.18 1.98+0.64−0.74 6.63+2.11−2.15 0.44+0.40−0.29 72.3+11.5−11.6 12.2+3.24−2.30
likelihood function, we perform a Markov Chain Monte
Carlo (MCMC) techniques, based on Bayesian pa-
rameter inference, using the Metropolis-Hastings algo-
rithm (Metropolis et al. 1953; Hastings 1970). To avoid
an influence of initial conditions and to generate inde-
pendent samples, we take several post-processing steps
such as burn-in step, the sampling step and length of the
chain. Using these PDFs, we evaluate the percentiles of
these PDFs to estimate credible intervals for each pa-
rameter straightforwardly.
2.5. Results from applying our models to mock data
To scrutinize whether our models can reproduce dark
matter density profiles, we apply them to mock data.
Here, we focus on testing how precisely our models are
able to reproduce inner density slopes of dark halos. In
this subsection, we briefly describe the procedure for
mock analysis and summarize the result from this anal-
ysis. The details are shown in Appendix A.
We use public mock data sets provided by Zhu et al.
(2016), which generated kinematic samples with axisym-
metric stellar systems embedded in spherical dark mat-
ter halos and generated two kinds of dark matter halos:
one with a cusped halo and one with a cored halo.
When we apply our models to these mock data, we
first estimate a projected axial ratio and a half-light ra-
dius, employing a maximum likelihood analysis (Mateo
et al. 2008) with the Plummer stellar density profile.
Then, we perform a MCMC analysis for mock kinematic
samples to estimate the dark matter density profiles.
In this mock analysis, we carry out the fitting in the
three cases: (A) a cusped model with 1000 samples, (B)
a cored model with 1000 samples, and (C) a cored one
with 4000 samples. The dark matter density profiles es-
timated from the analysis are nearly reproduced within
1σ uncertainties for each case. The estimated values of
dark matter inner slope, γ, are γ = 1.2+0.4−0.5, 0.4
+0.8
−0.3, and
0.4+0.3−0.2 for the cusped mock (A), the cored ones (B) and
(C), respectively (see Figure A1). It is found that the
MCMC fitting to the cored mock data results in a some-
what biased dark matter density profile with γ ' 0.4, al-
though the model is nearly consistent with a cored halo
within 1σ confidence. Such a bias is also appeared in
several previous works (e.g., Zhu et al. 2016; Read et al.
2018), but the reason for this bias is yet unclear.
Consequently, we should bear in mind the fact that
there exits this small amount of bias for a dark matter
inner slope in our fitting analysis.
3. DATA
In this section, we present the basic properties of
photometric and spectroscopic data of the eight clas-
sical dSphs: Draco, Ursa Minor, Carina, Sextans, Leo I,
Leo II, Sculptor, and Fornax. The classical dSphs have
a larger number of line-of-sight velocities for the re-
solved stars (& 200 stars) than ultra faint dwarf galax-
ies. These galaxies also have large velocity disper-
sions (& 10 km s−1), so that an influence of unresolved
binary stars on the velocity dispersion measurements of
each galaxy can be negligible (Minor et al. 2010; Minor
2013; Spencer et al. 2017, 2018).
Table 1 lists the observational properties of the eight
dSphs: the number of member stars with velocity mea-
surements available from the kinematic analysis, the
central sky coordinates, distances from the Sun, pro-
jected half-light radii, projected stellar axial ratios, sys-
temic velocities, and their references. Following previ-
ous works, we fix the values of distance, half-light radius,
and axial ratio of dSphs in this paper.
For the stellar kinematic data of their member stars,
we use the published data as follows. For Carina, Draco,
Ursa Minor, Leo I, and Leo II, we use the stellar-
kinematic data taken from Fabrizio et al. (2016), Walker
et al. (2015), Spencer et al. (2018), Mateo et al. (2008),
Spencer et al. (2017), respectively. For Sextans, Sculp-
tor, and Fornax, we use the data published by Walker
et al. (2009a,b). The membership selection criteria for
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each galaxy follow the methods described by each of the
observational papers given above.
4. RESULTS
In this section, we present the results from the
MCMC fitting analysis described above and several
trends among the resultant parameters. Moreover, as a
by-product of the fitting results, we estimate the astro-
physical factors for dark matter annihilation and decay.
4.1. Best-fitting models
Table 2 shows the best-fitting parameters for each
dSph. The error values indicate the 68 per cent credible
intervals computed from posterior PDFs of the param-
eters. We also show the dark matter density at 150 pc,
ρDM(150 pc), to compare with the other works. Read
et al. (2019) presented the dark matter density at a com-
mon radius of 150 pc from the center of each galaxy,
ρDM (150 pc), which is insensitive to the choice of a γ’s
prior in spherical mass models. Furthermore, using this
density, Kaplinghat et al. (2019b) pointed out the anti-
correlation between ρDM (150 pc) and their orbital peri-
center distances, rperi, of the classical dSphs. This im-
plies a survivor bias: while galaxies with low dark matter
densities were completely destroyed by strong tidal ef-
fects, those with high dark matter densities survive in
the present day. Following these works, we also calcu-
late the dark matter density at 150 pc along the major
axes of the sample dSphs, considering non-sphericity of
a dark matter halo, and the calculated ρDM (150 pc) are
tabulated in the last column of Table 2. We discuss it
in the next section.
Figure 1 displays the posterior PDFs implemented
by the MCMC fitting for Draco (left panel) and For-
nax (right panel) dSphs as the representative galaxies in
our sample. The results of other galaxies are similar to
these and thus we show the other posterior PDFs (Fig-
ure B2, B3, and B4) in Appendix B. The contours in
these figures show 68, 95, and 99.7 per cent credible in-
terval levels. The vertical lines in each histogram also
show the median and 68 per cent credible interval lev-
els. From these posterior PDF maps, the parameters Q,
α, β, and i are widely distributed in these parameter
ranges and thus it is difficult to get limits on them. On
the other hand, the other parameters bhalo, ρ0, βz , and γ
are better constrained than the above parameters, even
though there are obvious degeneracies between bhalo-ρ0
and Q-βz , which have already been discussed in several
previous papers (e.g., Cappellari 2008; Battaglia et al.
2013; Hayashi & Chiba 2015). In particular, the ve-
locity anisotropy parameters βz of all galaxies (see also
Table 2) tend to be a somewhat radially-biased veloc-
ity ellipsoid. Moreover, it is worth noting that owing
to non-spherical models, the inner slope parameter of a
dark matter density profile γ can be confined without
being distracted by any parameter degeneracies. From
these PDFs and Table 2, we find that the posteriors of
γ show a wide spread from cusped (γ > 1.0) to shal-
lower cusped (γ < 0.5) inner dark matter density slopes,
even though there is a large uncertainty. We discuss this
further in Section 4.2.
Figure 2 shows the comparison between the observed
and the estimated line-of-sight velocity dispersion pro-
files obtained by the resultant posterior PDFs, to present
our fitting analysis successfully reproduced to the binned
data2. In this figure, the colored dashed lines and shaded
regions denote the median and confidence levels (dark:
68 per cent, light: 95 per cent) of our unbinned MCMC
analysis. The black points with error bars denote binned
velocity dispersions calculated by the observed data.
These errors correspond to the 68 per cent confidence
intervals. As shown in this figure, our mass models and
unbinned analysis can provide good fits to the binned
data for all dSphs.
4.2. Revisiting the core-cusp problem
4.2.1. Dark matter density profiles
Using the results of the MCMC fitting analysis for the
kinematic data of the dSphs, we estimate the dark mat-
ter density profiles by marginalizing all free parameters.
Figure 3 shows the inferred dark matter density profiles
of all sample dSphs. The solid lines show the medium,
and dark and light contours mark the 68 per cent and
95 per cent intervals. The vertical black lines mark the
projected half light radii of each dSph.
Firstly, it is noteworthy that in our non-spherical mod-
els, Draco favors a cusped inner slope for its dark mat-
ter density profile, which is consistent with an NFW
cusp predicted by ΛCDM theory. Even if we consider
95 per cent confidence intervals of the dark matter pro-
file, its inner slope still remains cuspy. Therefore, Draco
highly likely has a cusped dark matter halo.
Secondly, Ursa Minor, Leo I and Leo II also prefer
cusped dark matter halos, although the uncertainties
for the inner slope, γ, are larger than for Draco. On
the other hand, the remaining sample of dSphs (Carina,
Sextans, Sculptor, and Fornax) favors smaller γ and thus
has less dense than the other dSphs which have cuspy
dark matter halos. In particular, Sextans, Sculptor, and
2 The method for calculating these binned profiles along the pro-
jected major, middle, and minor axes for the dSphs is the same
way as Hayashi & Obata (2019), and thus the details are de-
scribed in the Section 3.1.2 in that paper.
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Figure 1. Posterior distributions for the fitting parameters for Draco (left) and Fornax (right). The dashed lines in each
histogram represent the median and 68 per cent confidence values. The contours in each panel are the 68, 95, and 99.7 per cent
regions.
Fornax permit γ = 0, i.e. a cored dark matter density
within their 95 per cent confidence intervals.
Notably, the dark matter density profile in Draco is
better constrained than Fornax, though the data vol-
ume of Fornax is greater than Draco. This is because
while the observed kinematic sample in Draco covers the
stars up to its outskirts, that in Fornax is limited only
to its inner region. Actually, Hayashi & Chiba (2015)
suggested that the lack of kinematic sample volume in
the outer region of a galaxy makes the constraints on
the dark matter profile very uncertain.
Therefore, from our dynamical analysis, we propose
that there is no core-cusp problem in the Galactic clas-
sical dSphs. Moreover, a diversity of the inner density
slope, γ, is found for these dSphs. Note that this result
is in agreement with Read et al. (2019), which inves-
tigated the inner dark matter densities in the Galactic
dSphs as well as in low surface brightness galaxies based
on non-parametric spherical Jeans analysis.
4.2.2. Why do some galaxies prefer cusped dark matter
halos?
As shown in the previous section, we present that some
dSphs prefer cusped dark matter density profiles. Then
the question is why these galaxies are regarded to have
cusped dark matter halos. We schematically illustrate
this reason in Figure C1 in the Appendix C. This fig-
ure shows the normalized line-of-sight velocity disper-
sion profiles along the major (top panels) and the mi-
nor axes (bottom panels) for the oblate stellar system
(q = 0.7). The left-hand panels show the dispersion pro-
files with changing the value of velocity anisotropy pa-
rameter, βz , under spherical dark matter halo, Q = 1,
whilst the right-hand ones depict those with changing Q
under βz = 0.
As already discussed in Cappellari (2008) and Hayashi
& Chiba (2015), the variation of Q and βz gives a similar
effect on line-of-sight dispersion profiles. For instance, as
is shown in the top-left panel of Figure C1, the effect of
βz > 0 (i.e., red lines) increases inner line-of-sight veloc-
ity dispersions and decreases outer ones, simultaneously,
compared with those in the fiducial (Q = 1, βz = 0) case
which corresponds to the black lines. In the top-right
panel, the effect of Q < 1 (the red lines) is resemblant
in the features of line-of-sight velocity dispersion profiles
computed by βz > 0 (the red lines in the top-left panel),
even though there is a difference between these effects at
the outer parts (the reason of this difference is already
discussed in Hayashi & Chiba 2015).
However, comparing the dispersion profiles in the
cases for cusped (the solid lines) and for cored (the dot-
ted lines) dark matter density profile, we can see a differ-
ence in the shape of those profiles at inner parts. In the
case of a cusped dark matter halo, the velocity disper-
sion profiles along both major and minor axes rapidly
increase towards the central region, while there is no
such trend in the case of a cored one. Looking at the
observed line-of-sight velocity dispersion profiles in Fig-
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Figure 2. Line-of-sight velocity dispersion along major, middle and minor axes for each dSph. The black squares with error
bars in each panel denote the observed ones. The dashed lines are the median velocity dispersion of the models and the dark
and light shaded regions encompass the 68 per cent and 95 per cent confidence levels from the results of the unbinned MCMC
analysis. The vertical dashed lines in each panel correspond to their half-light radii.
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ure 2, Draco, as an example, seems to have the trend
characterized by a cusped dark matter halo, whereas
Fornax has the almost flat profiles. Therefore, we sug-
gest that Draco highly likely has a cusped dark matter
halo. It is also found that the feature of a central veloc-
ity dispersion profile can be important in determining
an inner slope of a dark matter density profile.
4.2.3. The robustness of our results
In order to demonstrate the robustness of our results,
especially regarding the inner slope of a dark matter
density profile, γ, we show the case when a wide range
of prior for γ is adopted, compared to our fiducial pa-
rameter range of γ (0 ≤ γ ≤ 2.5). Namely, we show
here the case of a flat prior over range −2.5 ≤ γ′ ≤ 2.5,
and we impose γ = 0 if γ′ has a negative value and
γ = γ′ otherwise. This is because the fiducial param-
eter range of γ (0 ≤ γ ≤ 2.5) might lead to a bias to-
ward cuspy density profiles. Using this new prior, we
re-run the same MCMC fitting procedure described in
Section 2.4. Figure 4 shows the comparison of the in-
ferred dark matter density profiles for all sample dSphs
for the fiducial (solid) and wider (dashed) prior ranges.
The thick and thin lines in each panel denote the median
and the 68 per cent confidence intervals. It is found from
this figure that the galaxies having a cusped dark matter
halo like Draco and Ursa Minor are not so much affected
by new prior, whilst the effect of new prior makes For-
nax and Sextans less dense core. Therefore, we bear in
mind that Fornax and Sextans are possible to have a
cored dark matter density. On the other hand, we can
confirm that our results for Draco and Ursa Minor have
cusped dark matter halos.
4.3. Astrophysical factors
The Galactic dSphs are promising targets for indirect
searches for particle dark matter through γ-rays or X-
rays stemmed from annihilating and decaying dark mat-
ters (e.g., Gunn et al. 1978; Bergstro¨m 2012), because
they contain a good deal of dark matter with low astro-
physical backgrounds and are located at relative prox-
imity. The signal flux of the dark matter annihilation or
decay depends only on two important factors. One is the
particle physics factor which is based on the microscopic
physics of particle dark matter, while another is the as-
trophysical factor derived by line-of-sight integrals over
the dark matter distribution within the system. The
latter largely depends on the estimate of the signal flux.
Therefore, an accurate estimation of the astrophysical
factor in the dSphs is of crucial importance so that we
can set robust constraints on the particle nature of dark
matter candidates.
Previous works have estimated the astrophysical fac-
tors for these galaxies considering various uncertainties:
the spatial dependence of stellar velocity anisotropy (Ul-
lio & Valli 2016), non-sphericity of a dark matter dis-
tribution (Bonnivard et al. 2015; Hayashi et al. 2016;
Klop et al. 2017), halo truncation radius (Geringer-
Sameth et al. 2015), prior bias of Bayesian analy-
sis (Martinez et al. 2009), and foreground contamina-
tion of stars (Bonnivard et al. 2016; Ichikawa et al. 2017,
2018; Horigome et al. 2020).
Here we calculate the astrophysics factors of the dSphs
focusing only on non-sphericity based on the generalized
Hernquist density profile of their dark matter halos. In
fact, (sub-) subhalos and substructures can boost the
annihilation signals (subhalo boost, Moline´ et al. 2017;
Hiroshima et al. 2018; Ishiyama & Ando 2020). How-
ever, this boost contributes little to the signals on the
dSph’s mass scales, and thus we do not include this boost
to estimate J-factor values. To compare with previous
works, we show only the factors integrated within a fixed
solid angle 0.5◦.
The astrophysical factors are written as
J =
∫
∆Ω
∫
los
d`dΩρ2DM(`,Ω) [annihilation], (10)
D=
∫
∆Ω
∫
los
d`dΩρDM(`,Ω) [decay], (11)
which are so-called J- and D-factors, defined as the in-
tegrated dark matter density squared for annihilation
and the dark matter density for decay, respectively, over
a distance ` along a line-of-sight and a solid angle ∆Ω.
Using these equations, we estimate the median and its
uncertainties of the astrophysical factors from the pos-
terior PDFs of the dark matter halo parameters.
Table 3 shows the J and D values integrated within
∆Ω = 0.5◦ of our results. Figure 5 displays a compari-
son of the J (top) and D (bottom) values of our results
with those of previous works. In this figure, the red col-
ored points with error bars are the median values in this
work with 68 per cent confidence intervals. The blue
ones denote these values reported by Geringer-Sameth
et al. (2015), which assumed a spherical dark matter
halo with a generalized Hernquist density profile and
performed Jeans analysis. The green ones are evaluated
by Hayashi et al. (2016), which assumed an axisymmet-
ric dark matter halo. The differences between them in
this figure are caused primarily by the assumption of
shapes of dark matter halos (spherical or non-spherical)
as already discussed by Hayashi et al. (2016) and dark
matter density profiles. The latter means that Hayashi
et al. (2016) imposed that the outer slope of dark mat-
ter profiles is ρ ∝ r−3 and the sharpness parameter α in
10 Hayashi et al.
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Figure 4. Dark matter density profiles of all dSphs, with taking into account a wider parameter range of γ (described in
Section 4.2). The solid lines in each panel denote the median values (thick) and the 68 per cent confidence intervals (thin)
calculated by our default parameter range (0 ≤ γ ≤ 2.5), while the dashed ones are calculated by a new parameter range
(−2.5 ≤ γ′ ≤ 2.5, but if γ′ < 0→ γ = 0). The vertical dashed lines in each panel correspond to their half-light radii.
Equation 7 is fixed at 2 for simplicity, while the dark
matter profiles in this work and Geringer-Sameth et al.
(2015) take into account these parameter as free param-
eters.
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Table 3. The observational data for the classical dSph
galaxies.
Object log10[J0.5] log10[D0.5]
[GeV2 cm−5] [GeV cm−2]
Draco 19.03+0.37−0.28 18.86
+0.21
−0.19
Ursa Minor 18.59+0.44−0.26 18.09
+0.17
−0.12
Carina 18.23+0.43−0.33 18.49
+0.29
−0.27
Sextans 18.01+0.31−0.20 18.16
+0.24
−0.20
Leo I 17.16+0.51−0.47 17.60
+0.48
−0.49
Leo II 17.75+0.66−0.59 17.32
+0.53
−0.62
Sculptor 18.54+0.24−0.20 18.31
+0.14
−0.12
Fornax 17.91+0.22−0.13 18.11
+0.19
−0.13
From Figure 5, we conclude that because of having a
cuspy dense dark matter halo and of the close distance to
the Sun, Draco is the most promising detectable target
for an indirect search of dark matter annihilation and
decay among all sample dSphs.
5. DISCUSSION
5.1. Comparison dark matter profiles with previous
works
In this section, we compare our estimated dark mat-
ter density profiles with other works based on different
methods or assumptions.
Read et al. (2019) considered non-parametric dynam-
ical mass models based on a spherical Jeans equation,
GravSphere (Read & Steger 2017; Read et al. 2018)
to measure the dark matter density profiles of dwarf
spheroidal/irregular galaxies, and then they found the
relation between the central densities of dark matter ha-
los and the stellar vestiges of galaxy evolution such as a
star formation history, stellar mass, and stellar-to-halo
mass ratio. Regarding the inner slopes of dark matter
density profiles in the dSphs, they showed that Draco
favors a cusped dark matter halo which is consistent
with an NFW profile, while Fornax has a shallower in-
ner density profile γ ∼ 0.3. This trend is similar to that
in this work. They mentioned, however, the caveat that
the estimation of an inner slope of a dark matter pro-
file using their method is largely affected by a choice of
priors. Therefore, they utilized a dark matter density
within 150 pc, ρDM(150 pc), to discuss a diversity of the
central dark matter densities in the dwarf galaxies, in-
stead of their inner slopes. We also discuss ρDM(150 pc)
calculated by our models and then find that this physical
quantity is useful to understand the dynamical evolution
of dark matter halos in the Universe. We discuss them
further in the following subsection.
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Figure 5. Comparison of J0.5 (top) and D0.5 (bottom) cal-
culated from previous and this works. The blue and green
symbols are estimated by Geringer-Sameth et al. (2015) and
Hayashi et al. (2016). The red symbols denote the results of
this work.
Owing to recent spectroscopic observations for the
dSphs, some of them have multiple stellar populations,
in which the metal-rich stars are centrally concentrated
and have colder kinematics, while the metal-poor ones
are more extended and have hotter kinematics (e.g.,
Battaglia et al. 2006, 2008). Using the coexistence of
such multiple populations, Walker & Pen˜arrubia (2011)
statistically separated multiple stellar components by
applying their constructed likelihood function for spa-
tial, metallicity, and velocity distributions of the stars,
and then inferred the slopes of dark matter densities of
Sculptor and Fornax. They concluded that both galax-
ies have cored dark matter halos and a cuspy profile can
be ruled out with high statistical significance. However,
this method imposes that both stellar and dark matter
distributions are spherical symmetric. This sphericity
can accompany a systematic bias, and an inner slope
inferred by this method depends largely on viewing an-
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gles (Kowalczyk et al. 2013; Laporte et al. 2013; Genina
et al. 2018).
Agnello & Evans (2012) and Amorisco et al. (2013)
applied the projected virial theorem to these multiple
stellar components for Sculptor and Fornax, respectively
and concluded that these dSphs do not have cusped dark
matter profiles. On the other hand, using these multiple
populations, several other works concluded that Sculp-
tor has a cusped dark matter halo based on a phase
space distribution function method (Strigari et al. 2017),
whilst it is difficult to distinguish between cusp and core
based on a Schwarzschild method (Breddels et al. 2013)
and Multi-Gaussian expansion model (Zhu et al. 2016).
Although the dark matter inner slopes in Fornax and
Sculptor are still under debated, those inferred by our
mass models prefer to be less cuspy than an NFW pro-
file.
Axisymmetric dynamical models based on
Schwarzschild technique have been developed and ap-
plied to the kinematic data of the dSphs (Jardel &
Gebhardt 2012, 2013; Jardel et al. 2013). Jardel et al.
(2013) applied these models to the data of Draco and
found that its dark matter inner slope is consistent with
an NFW profile. This agrees well with our mass models
for Draco. Jardel & Gebhardt (2013) performed the
same analysis with respect to the other classical dSphs
(Carina, Fornax, Sculptor and Sextans) and concluded
that these galaxies have an unified cusped profile, but
there are considerable large uncertainties.
5.2. The origin of a diversity of inner dark matter
slopes
In Figure 3, we show that the classical dSphs have a
wide range of central dark matter density profiles. In
this section, we discuss what the origin of this diversity
is. To this end, we investigate the relation between the
central dark matter density profiles and stellar proper-
ties of the dSphs.
5.2.1. Inner dark matter density slope versus
stellar-to-halo mass ratio
Recent dark matter plus hydrodynamical simulations
have shown that an inner slope of a dark matter density
profile depends largely on the ratio of stellar mass to
total halo mass. Figure 6 shows the logarithmic slope
of the dark matter density profile at 1.5% of the virial
radius, Rvir, as a function of the ratio of stellar-to-halo
masses, M∗/Mhalo, predicted from NIHAO (Tollet et al.
2016, magenta) and FIRE-2 (Fitts et al. 2017; Hop-
kins et al. 2018, cyan) simulations. Note that baryon
feedback for bright dwarf galaxies (log10(M∗/Mhalo) ∼
−3 to −2) has a systematic impact on inner slopes, while
for the fainter galaxies with log10(M∗/Mhalo) . −3.5, the
impact of baryonic feedback is negligible. Therefore,
these simulations predict that the efficiency of baryonic
feedback for a dark matter halo can provoke the diver-
sity of dark matter inner slopes.
To test this prediction, we derive the relation between
the dark matter inner slopes and M∗/Mhalo for the cur-
rent sample of dSphs, which is shown in Figure 6. In
order to calculate the ratio of stellar-to-halo masses, we
employ the self-consistent abundance matching model
computed by Moster et al. (2013) and adopt the stellar
masses of the dSphs taken from McConnachie (2012).
The filled black circles with error bars in Figure 6 show
the results of the classical dSphs inferred by our analy-
sis. Although there are still large uncertainties in both
the inner slopes and the stellar-to-halo mass ratios, the
systematic trend in the plots is generally in agreement
with the predictions from recent numerical simulations,
which are presented in blue (NIHAO: Tollet et al. 2016)
and orange (FIRE-2: Lazar et al. 2020) shaded region in
the figure. To make an attempt to characterize the trend
quantitatively, we employ a least squares fitting method
to determine the slope of γ as a function of M∗/Mhalo,
and we find γ ∝ log10(M∗/Mhalo)0.27±0.15. Thus, we con-
firm that γ is slightly proportional to M∗/Mhalo on dwarf-
galaxy scales.
However, comparing between these shaded bands in
detail, there is a systematic difference especially on clas-
sical dwarf galaxy scales stemmed from the different pre-
scriptions of hydrodynamics regime. Thus, the predicted
relation between dark matter inner slope and stellar-to-
halo mass ratio still has large uncertainties. Regarding
this relation, Kaplinghat et al. (2019a) have argued that
a self-interacting dark matter (SIDM) model combined
with the impact of a baryon potential on the halo profile
can also reproduce the diversity of the inner dark mat-
ter density profiles for low surface brightness galaxies.
However, the corresponding M∗/Mhalo in these galaxies
are greater than −3, and it is thus unclear for the diver-
sity in the current fainter dwarf galaxy scales.
We also investigate the relation between the inner den-
sity slopes and their stellar masses and the orbital prop-
erties of the dSphs (apocenter radius, orbital eccentric-
ity, angular momentum, the time elapsed since the last
apocenter and pericenter) but we find no clear relations.
5.2.2. Inner dark matter density slope versus SFH
The relation in Figure 6 implies that an inner dark
matter slope depends on stellar feedback associated
with star formation activity. Indeed, some high-
resolution dark matter and hydrodynamical simulations
have shown an inner slope of a dark matter density
profile depends on star formation history (SFH) (e.g.,
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Figure 6. The impact of baryonic feedback on the inner profiles of dark matter halos. The inner dark matter density slope
at 1.5%Rvir is shown as a function of the ratio of stellar-to-halo masses. The filled black circles with error bars are the results
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(to guide the eye).
Madau et al. 2014; On˜orbe et al. 2015). In particu-
lar, On˜orbe et al. (2015) predicted that the dwarfs with
rapid SFHs tend to have cuspy dark matter density pro-
files, while ones with consecutive SFHs have cored ones
at the present day. Therefore, we investigate whether
this dependence indeed exists by comparing it with the
observed SFH of dSphs.
To this end, we adopt the SFHs derived by Lee et al.
(2009) for Sextans and Weisz et al. (2014) for the other
classical dSphs. The left panel in Figure 7 displays the
cumulative SFHs of the classical dSphs taken from their
works. As is shown in the panel, the SFHs of the dSphs
can be classified into two groups: the dwarfs (the dashed
lines in the panel) that formed the majority of their stel-
lar component early on (before z ' 2), and the other
ones (the solid ones) that formed only a small fraction
of their stars at early times and continued forming stars
over almost a Hubble time (Gallart et al. 2015; Bermejo-
Climent et al. 2018). To quantify these properties of
the dwarfs, we estimate the lookback time at achieving
70 per cent of the current stellar mass of these dSphs, τ0.7
(as indicated as a black horizontal dotted line in the left
panel in Figure 7). τ0.7 can characterize the duration and
efficiency of star formation in dSphs. The middle panel
in Figure 7 shows the comparison between τ0.7 and dark
matter inner slope, γ, from our analysis. According to
the prediction from On˜orbe et al. (2015), we expect that
the galaxies with higher τ0.7 may have cuspy dark mat-
ter density profiles. From this figure, however, we find
no clear relation between them within uncertainties of γ.
Therefore, the diversity of the dark matter inner slopes
cannot be explained straightforwardly by SFH within
the current observation and model uncertainties. One
of the possible reasons why there is no relation could be
that the cusp-core transition requires the resonance be-
tween dark matter particles and a gas density oscillation
induced by periodic SN feedbacks. Ogiya & Mori (2014)
suggested that to transform cusp into core, at least 50
oscillations with O(100) Myr periods are needed. Un-
fortunately, current photometric and spectroscopic ob-
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Figure 7. Left panel: Cumulative star formation history
of dwarf satellites in the MW taken from Lee et al. (2009)
for Sextans and Weisz et al. (2014) for the other classical
dSphs. Right panel: Inner slope parameter of dark matter
density profile γ as a function of the lookback time of achiev-
ing 70 per cent of current stellar masses, τ0.7.
servations are difficult to resolve such a oscillatory star
formation activity.
5.2.3. Dark matter density at 150 pc
Read et al. (2019) proposed to use the dark matter
density at a common radius of 150 pc from the center
of each galaxy, ρDM (150 pc), which is insensitive to the
choice of a γ’s prior in spherical mass models. Using
this density, Kaplinghat et al. (2019b) pointed out the
anti-correlation between ρDM (150 pc) and their orbital
pericenter distances, rperi, of the classical dSphs. This
implies a survivor bias which means that galaxies with
low dark matter densities were completely destroyed by
strong tidal effects. Following these works, we also cal-
culate the dark matter density at 150 pc along the major
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Figure 8. Dark matter densities at 150 pc, ρDM (150 pc),
versus pericenter radii, rperi, of the dSphs. The colored filled
circles with error bars are the classical dSphs from our Jeans
analysis. The filled small squares are the individual subhalos
predicted from dark matter simulations (Ishiyama et al. in
prep.). The gray scale indicates the maximum circular veloc-
ities of subhalos over their formation histories (the redshift
when they were first accreted on to a host). The big black
filled squares with error bars are the stacked ρDM (150 pc)
and rperi in each radial bin. The error bars correspond to the
16th and 84th percentiles of the subhalos in each bin.
axis of the sample dSphs, considering the non-sphericity
of a dark matter halo, and the calculated ρDM (150 pc)
are tabulated in the last column of Table 2.
First, we compare their ρDM (150 pc) to stellar masses
and stellar-to-halo mass ratios. Read et al. (2019) pre-
sented the anti-correlation between them, but we do not
find clear relations of ρDM (150 pc)-M∗ and ρDM (150 pc)-
M∗/Mhalo. This is caused by the fact that Read et al.
(2019) discussed these correlations by including not only
the dSphs but dwarf irregular galaxies which have HI gas
rotation curves. These gas-rich galaxies have higher M∗
and M∗/Mhalo and much lower ρDM (150 pc) than those
of the dSphs, thereby the galaxies make the correlations
conspicuous.
Second, we investigate the anti-correlation between
ρDM (150 pc) and rperi. For the pericenter radius, we
adopt the values presented by Fritz et al. (2018), which
estimated using the recent Gaia data (Gaia Collabora-
tion et al. 2018) and assuming a Milky Way potential
model with mass of 0.8×1012M. Figure 8 shows the re-
lation between ρDM (150 pc) and rperi. The colored filled
circles with error bars are the inferred ρDM (150 pc) of
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the sample dSphs. From this plot, we find the anti-
correlation between them similar to Kaplinghat et al.
(2019b), even though there are still large uncertainties.
We also compare with dark matter subhalos predicted
from dark matter only simulations. In this work, we
utilize a high resolution N-body simulation, named Phi-
4096, performed by Ishiyama et al. (in prep.).
The detail of the simulation is as below. Using a
massively parallel TreePM code GreeM 3 (Ishiyama
et al. 2009; Ishiyama et al. 2012), we simulated the mo-
tion of 40963 dark matter particles in a comoving box
with the side length of 16 h−1Mpc, which corresponds to
5.13 × 103 h−1M particle mass. The gravitational soft-
ening length is 60 comoving h−1pc. The initial condition
was constructed using the MUSIC code (Hahn & Abel
2011). The cosmological parameters of the simulation
are Ω0 = 0.31, λ0 = 0.69, h = 0.68, ns = 0.96, and
σ8 = 0.83, which are consistent with the measurement
of cosmic microwave background by the Planck satel-
lite (Planck Collaboration et al. 2018).
To identify halos and subhalos and construct merger
trees, we used ROCKSTAR phase space halo/subhalo
finder (Behroozi et al. 2013a) and consistent trees code
(Behroozi et al. 2013b). We picked up Milky Way-sized
3 http://hpc.imit.chiba-u.jp/ ishiymtm/greem/
host halos with the mass of 3.4 × 1011 < Mvir < 2.0 ×
1012 h−1M at z=0, where Mvir is the halo virial mass.
The total number of host halos is 27.
To compute ρDM (150 pc) of the simulated dark subha-
los, we use the scale density and radius of each subhalo,
supposing spherical NFW dark matter halos. In Fig-
ure 8, the small filled squares denote the predicted sub-
halos associated with these Milky Way-sized dark matter
host halos, while the big black squares with error bars
are the results from stacked analysis of the subhalos in
each rperi bin. It is found from this plot that dark matter
simulations indicate somewhat anti-correlation, and this
correlation is similar to the observed one. Moreover, we
also find that the maximum circular velocities of subha-
los over their formation histories, Vpeak, of subhalos de-
pends slightly on ρDM (150 pc) and rperi. In other words,
the subhalos with higher ρDM (150 pc) and smaller rperi
(the left-top area in Figure 8) tend to have large Vpeak.
Since subhalos with large Vpeak were formed at earlier,
most of them have dense central densities, and such sub-
halos can still survive even suffering from strong tidal
effects. This can support a survivor bias suggested by
Kaplinghat et al. (2019b).
5.3. Circular velocity profile
ΛCDM theory has another serious problem that cen-
tral densities of dark matter halos associated in the
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bright dSphs in Milky Way are significantly lower than
those of the most massive subhalos in MW-sized halos
in the ΛCDM simulations. This problem is so-called
the “too-big-to-fail (TBTF)” problem (Boylan-Kolchin
et al. 2011). In order to compare with the central den-
sities in the observed and simulated dark matter halos,
they adopted the maximum circular velocity, Vmax, for
most massive ten subhalos. On the other hand, for the
observed ones, they used the circular velocities at the
half-light radii of the dSphs, because this physical value
is well-constrained by kinematic data (Wolf et al. 2010).
Instead of relying on such a single value of a circular
velocity at a specific radius, we calculate a circular ve-
locity profile directly from the posterior PDFs of the
dark matter halo parameters.
In axisymmetric models, the circular velocity along a
major axis can be calculated by
V2circ(R) = R
−∂Φ∂R  , (12)
where Φ is a gravitational potential originated from the
dark matter density profile (Binney & Tremaine 2008).
The colored solid lines and shaded regions in Figure 9
show the inferred circular velocity profiles for the clas-
sical dSphs from our models. For comparison with our
results, we also plot those profiles estimated by Kapling-
hat et al. (2019b) and the circular velocities at their half-
light radii of the dSphs, Vcirc(rhalf), (Wolf et al. 2010). In-
terestingly, the both circular velocity profiles computed
by axisymmetric and spherical models are consistent
in the value of Vcirc(rhalf), but the shapes of these pro-
files, especially quantified with the values of Vmax, look
quite different in different mass models. This implies
that Vcirc(rhalf) would not be an adequate tracer for com-
parison with the central densities in dark matter halos.
However, there are huge uncertainties in our estimated
circular velocities, especially their outskirts due to the
lack of data sample. Thus, a sufficient number of stellar
kinematic sample out to their outer parts of the dSphs
should be needed.
6. CONCLUSION
In this paper, we revisit the core-cusp problem in
the Galactic dSphs based on non-spherical Jeans analy-
sis. An advantage in these non-spherical models is that
ρDM − βani degeneracy occurred under the assumption of
spherical symmetry can be mitigated.
Applying our non-spherical mass models to the latest
kinematic data of the eight classical dSphs, we estimate
their dark matter density profiles by marginalizing pos-
terior distributions of dark matter halo parameters. We
find that most of these dSphs favor cusped or mildly
cusped dark matter profiles in their centers rather than
cored one. In particular, Draco robustly has a cusped
dark matter halo even considering a wide prior range.
Therefore, we conclude that there is no core-cusp prob-
lem in the classical dSphs.
We also find the diversity in the central dark matter
density profiles. Interestingly, this diversity can be ex-
plained if we consider the impact of baryonic feedback on
the central dark matter densities, which depends largely
on the ratio of stellar-to-halo mass as predicted by re-
cent N-body and hydrodynamical simulations. There-
fore, ΛCDM framework combined with baryon physics
can explain the observed dark matter densities in the
classical dSphs.
We also investigate the relation between the central
dark matter density profiles and their star formation
histories, because several high-resolution dark matter
and hydrodynamical simulations predicted the correla-
tion between these. However, we find no clear relation
between an inner slope parameter of dark matter density
profile and SFH characterized by τ0.7.
We confirm that a dark matter density at a radius of
150 pc is anti-correlated with the pericenter distance of
a dSph suggested by Kaplinghat et al. (2019b). Fur-
thermore, this anti-correlations also found in the simu-
lated dark subhalos. In addition, we also find that the
maximum circular velocities of subhalos over their for-
mation histories, Vpeak of subhalos depends slightly on
ρDM (150 pc) and rperi. This implies that the subhalos
having dense central densities can survive from strong
tidal effects due to being closer to the center of a host
halo.
Using our non-spherical mass models, we calculate the
circular velocity profiles of all sample dSphs and com-
pare with those estimated by spherical mass models. As
a result, the shapes of circular velocity profiles, espe-
cially quantified with the maximum circular velocity,
Vmax, are quite different between spherical and axisym-
metric mass models. However, there are huge uncertain-
ties in our estimated circular velocities, especially their
outskirts due to the lack of data sample.
To ensure our conclusions, it is necessary to deter-
mine the dark matter density profiles for much fainter
dSphs, namely ultra-faint dSphs, which are believed to
have held original dark matter density profiles. It is
also important to more precisely estimate the dark mat-
ter profiles of the classical dSphs. The next-generation
wide-field spectroscopic surveys with the Subaru Prime
Focus Spectrograph (Takada et al. 2014) will enable us
to obtain statistically significant samples of stellar kine-
matics and chemical abundances for the Galactic dSphs
over the wide areas out to their outskirts, thereby al-
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lowing us to estimate robustly their dark matter density
profiles.
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APPENDIX
A. APPLICATION TO MOCK DATA
A.1. Mock data
In this section, we show the ability of our axisymmetric Jeans models to recover the dark matter density profile
using mock data sets. We focus on testing how precisely our models are able to reproduce dark matter inner slopes.
To this end, we utilize the public mock data sets provided by Zhu et al. (2016). They generated their mock data
sets using AGAMA4 code (Vasiliev 2019). The data sets are generated by two kinds of dark matter halos. One is a
cusped dark halo (α, β, γ) = (1, 3, 1) for a generalized Hernquist profile (see equation 7), while another is a cored one
corresponding to (α, β, γ) = (1.5, 3, 0). The dark matter scale densities are log10 ρs = −1.189 [M pc−3] for cusped halo
and −0.189 for cored one, while the scale radius in each case is equal to log10 rs = 3.0 [pc]. For the stellar distributions,
they considered axisymmetric distributions with the axial ratios, q = 0.95 for cusped and 0.88 for cored dark halo cases,
whilst dark matter halos are spherical (e.g., Q = 1). The stellar motions in each halo model do not have systematic
rotation, but have different velocity anisotropy parameters: − log10[1 − βz] = −0.1 for cusped halo and 0.4 for cored
one. Then they employed distribution functions that are expressed as double power-laws in the action integrals J and
sampled the positions (x, y, z) and velocities (vx, vy, vz) of a sample of 5000 stars for each dark matter halo model. The
measurement error of velocity is fixed by 3 km s−1.
In order to obtain line-of-sight data, we project the system along z direction with edge-on view, and place it at a
distance of 80 kpc. Then we set the center of the system is at (0, 0) deg, and the position angle is 90◦. Then we
randomly extract the projected positions and line-of-sight velocities of stars.
A.2. Fitting analysis
Before we perform MCMC analysis for mock kinematic data, we estimate stellar structural parameters such as
projected axial ratio and half-light radius, which are used to calculate the Jeans equations. To do this, we adopt
the Plummer model (see equation 6) and employ a maximum likelihood algorithm (Martin et al. 2008) applied to
the projected positions. We do not include contamination stars for simplicity. To perform this analysis, we set the
parameters (α0, δ0, θPA, , rhalf), where (α0, δ0) are the center of the system, θPA is the position angle, and , rhalf are the
ellipticity and half-light radius, respectively. The ellipticity is defined as  = 1 − q′, where q′ is the projected axial
ratio (see section 2.2).
The results from the fitting analysis are shown in the upper left panel of each corner plot in Figure A1. We reproduce
successfully (α0, δ0, ) = (0.0, 0.0) deg and θPA = 90◦. For the ellipticity and half-light radius, we obtain  = 0.09 and
rhalf = 1100 pc for a cusped halo, while  = 0.15 and rhalf = 1000 pc for a cored one.
Using the estimated stellar parameters, we perform MCMC fitting for the mock kinematic data to infer the dark
matter density profiles. For the sample size of kinematic data, we sampled 1000 and 4000 stars for comparison. The
free parameters and fitting procedure are the same as we explained in Section 2.3 and 2.4.
4 https://github.com/GalacticDynamics-Oxford/Agama
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Figure A1. The results of the fitting analysis for the different mock samples: (A) a cusped dark matter halo and 1000 kinematic
samples, (B) a cored one and 1000 samples, and (C) a cored one and 4000 samples. Each result shows the corner plots which
contain the surface density profiles (upper left), line-of-sight velocity dispersion profiles along the major, middle and minor axes
of the system (upper right), and dark matter density profiles along the major axis (lower left), respectively. In the panels of the
surface density profile, the solid lines are the best-fit Plummer profiles, and the points with error bars are estimated from each
mock data. In the velocity dispersion panels, the solid lines are the median velocity dispersion of the models, while the colored
points with error bars denote the mock ones. The orange solid lines and shaded regions on the panels depicting dark matter
density profiles denote the median values and the 68 per cent confidence intervals, in comparison with given density profiles
shown with dashed lines.
A.3. Model recovery
Figure A1 shows the results from the fitting analysis in the cases of (A) a cusped model with 1000 samples, (B)
a cored model with 1000 samples, and (C) a cored one with 4000 samples, respectively. In this figure, we show the
estimated line-of-sight velocity dispersion profiles and dark matter density profiles from their posterior distributions of
the free parameters. Our fitting analysis can reproduce the velocity dispersion profiles along the major, middle, and
minor axes, respectively, within their 1σ errors. The resultant dark matter density profiles are generally recovered
within 1σ uncertainties for the both cases of the cusped and cored dark matter density profiles. The estimated γ values
in each case are γ = 1.2+0.4−0.5, 0.4
+0.8
−0.3, and 0.4
+0.3
−0.2 for the cusped mock (A), the cored ones (B) and (C), respectively.
Therefore, when we perform the fitting analysis to the cored mock data, our Jeans models indicate a somewhat biased
dark matter density profile with an amount of ∆γ ' +0.4, although the model is nearly consistent with a cored profile
within 1σ confidence. As for the cusped mock data with γ = 1, our models yield a smaller bias of ∆γ ' +0.2 than the
cored case, although, again, the model is nearly consistent with a γ = 1 profile within 1σ confidence.
Dark matter profiles in the dSphs 19
Q = 0.92+0.63−0.48
2.
4
3.
0
3.
6
4.
2
4.
8
lo
g 1
0
b h
al
o
[p
c]
log10 bhalo [pc] = 4.13
+0.58
−0.65
−4
−2
0
2
4
lo
g 1
0
ρ
0
[M
¯
p
c−
3
]
log10 ρ0 [M¯ pc
−3] = −2.48+0.77−0.73
−0
.8
−0
.4
0.
0
0.
4
0.
8
−
lo
g(
1
−
β
z
)
− log(1− βz) = 0.36+0.24−0.26
1.
0
1.
5
2.
0
2.
5
3.
0
α
α = 1.83+0.77−0.81
4.
5
6.
0
7.
5
9.
0
β
β = 6.30+2.23−2.07
0.
5
1.
0
1.
5
2.
0
2.
5
γ
γ = 0.77+0.23−0.27
0.
4
0.
8
1.
2
1.
6
2.
0
Q
56
64
72
80
88
i
[d
eg
]
2.
4
3.
0
3.
6
4.
2
4.
8
log10 bhalo [pc]
−4 −2 0 2 4
log10 ρ0 [M¯ pc−3]
−0
.8
−0
.4 0.
0
0.
4
0.
8
− log(1− βz)
1.
0
1.
5
2.
0
2.
5
3.
0
α
4.
5
6.
0
7.
5
9.
0
β
0.
5
1.
0
1.
5
2.
0
2.
5
γ
56 64 72 80 88
i [deg]
i [deg] = 70.73+12.36−12.82
Q = 1.42+0.39−0.54
2.
4
3.
0
3.
6
4.
2
4.
8
lo
g 1
0
b h
al
o
[p
c]
log10 bhalo [pc] = 3.19
+0.72
−0.37
−4
−2
0
2
4
lo
g 1
0
ρ
0
[M
¯
p
c−
3
]
log10 ρ0 [M¯ pc
−3] = −1.90+0.95−1.44
−0
.8
−0
.4
0.
0
0.
4
0.
8
−
lo
g(
1
−
β
z
)
− log(1− βz) = 0.61+0.16−0.13
1.
0
1.
5
2.
0
2.
5
3.
0
α
α = 1.65+0.87−0.77
4.
5
6.
0
7.
5
9.
0
β
β = 6.41+2.17−2.12
0.
5
1.
0
1.
5
2.
0
2.
5
γ
γ = 1.16+0.44−0.66
0.
4
0.
8
1.
2
1.
6
2.
0
Q
66
72
78
84
90
i
[d
eg
]
2.
4
3.
0
3.
6
4.
2
4.
8
log10 bhalo [pc]
−4 −2 0 2 4
log10 ρ0 [M¯ pc−3]
−0
.8
−0
.4 0.
0
0.
4
0.
8
− log(1− βz)
1.
0
1.
5
2.
0
2.
5
3.
0
α
4.
5
6.
0
7.
5
9.
0
β
0.
5
1.
0
1.
5
2.
0
2.
5
γ
66 72 78 84 90
i [deg]
i [deg] = 79.17+6.80−7.00
Figure B2. Same as figure 1, but for Carina (left) and Ursa Minor (right).
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Figure B3. Same as figure 1, but for Leo I (left) and Leo II (right).
B. POSTERIOR PROBABILITY DISTRIBUTION FUNCTIONS
We here show the results of parameter estimations based on MCMC fitting analysis. Figure B2, B3, and B4 display
the posterior PDFs for Carina and Ursa Minor, for Leo I and Leo II, and for Sculptor and Sextans, respectively.
C. EFFECTS OF THE PARAMETERS ON LINE-OF-SIGHT VELOCITY DISPERSION PROFILE
Here we demonstrate the effects of the parameters (a non-spherical shape of dark matter halo Q, a stellar velocity
anisotropy βz , and an inner slope of dark matter density profile, γ) on line-of-sight velocity dispersion profiles, discussed
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Figure B4. Same as figure 1, but for Sculptor (left) and Sextans (right).
in Section 4.2.2. Figure C1 shows the normalized line-of-sight velocity dispersion profiles along the major (top panels)
and the minor axes (bottom panels) for the oblate stellar system (q = 0.7), the edge-on (i = 90◦), and the ratio
for bhalo/b∗ = 3. The left-hand panels show the dispersion profiles with changing the value of velocity anisotropy
parameter, βz , under spherical dark matter halo, Q = 1, whilst the right-hand ones depict those with changing Q under
semi-isotropic velocity dispersion βz = 0. The solid lines in each panel depict the velocity dispersion profiles computed
by a cusped NFW dark matter density profile, while the dotted ones are those by a cored Burkert density profile.
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